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Inter-American Tropical Tuna Commission, Scripps Institution oj Oceanography, La Jolla, California ABSTRACT Particulate iron is reported from replicate samples taken at two depths at several locations in the Panama Bight during November 1955, and in replicate samples taken at two depths at a single inshore location in the Gulf of Panama at bimonthly intervals from December 1954 through December 1955. In addition, a few samples were taken at other locations in the Gulf of Panama and from a river flowing into the Gulf.
The content of particulate iron, both in the Panama Bight and in the Gulf, shows highly contagious distributions, necessitating a logarithmic transformation to make the data amenable to statistical analysis. All samples from the Panama Bight could have arisen from a single log-normal distribution with a mean of 12.2 ,ug/L. In the Gulf of Panama, there is significantly higher iron in the surface (115.2 pg/L) than at 30 meters (62.1 pg/L) during the early part of the year when the standing crops of plankton organisms are high.
Particulate iron content is higher inshore in the Gulf of Panama than offshore in the Panama Bight, and two samples from the Rio Escota, containing 692 and 863 lug/L, wcrc much higher than in the Gulf, indicating that possibly the iron is being brought in by runoff. From comparison of iron content in inshore and offshore waters, in both of which biological production is high, it is inferred that narticulate iron cannot be a limiting factor on phytoplankton growth in the inshore wai&s.
INTRODUCTION
Particulate iron in marine waters is of considerable interest because it is the form in which iron is utilized by phytoplankton organisms (Goldberg 1952 , Harvey 1937 . It may, in some circumstances, be a limiting constituent for the growth of these microscopic plants. Lewis and Goldberg (1954) investigated the iron content of waters at different depths from a number of stations in the North Pacific. They concluded that particulate iron tends to be more abundant in the upper layers (less than 500 meters) than in dccpcr layers, at least at some stations in the Northeast Pacific, and that the variability of results from replicate samples from the upper layer is quite high. It was inferred that "the marinc biosphcrc acts as a reservoir for iron particles and accentuates the high scatter of the particulate iron and distribution."
In order to investigate the content of particulate iron in near-surface waters in an offshore and an inshore situation in the Tropical Eastern Pacific, and in order to investigate in somewhat more detail the nature of the distribution of particulate iron, two series of data have been collected: (1) replicate samples at two depths (ca. IO meters and 65 meters) at nine stations in the Panama Bight, offshore from Panama and Colombia, occupied during November 1955 on the "Eastropic" expedition of the Scripps Institution of Oceanography; (2) replicate samples at two depths (10 meters and 30 meters, near the bottom) at a fixed inshore station in the Gulf of Panama occupied at biweekly intervals from December 1954 to December 1955. The latter series of data was part of a time-series observation of a number of physical and biological properties at this station made by personnel of the Inter-American Tropical Tuna Commission in connection with a study of the ecology of the Gulf of Panama. Replicate samples were also taken on one occasion at two other locations in the Gulf of Panama, and from a river flowing into the Gulf.
In every case, the analysis for particulate iron was made on a sample of approximately one liter of seawater, following the proccdures of Lewis and Goldberg (1954 Table 1 and are shown by solid circles in means for each depth at each station, and Figure 1 . At each of thcsc stations three the grand mean of all observations for each one-liter samples were taken from each of of the two depths. The average content of the two depths. The "shallow" samples particulate iron at these stations appears to wcrc taken in the mixed layer, with a wire be very similar to that found by Goldberg length of IO meters, except for ET- and Lewis in the upper layer of the sea near where only 5 meters were used. The "deep" the coast of California (their Figure 1 ) and samples wcrc all taken with 65 meters of and at their stations 7, '12, and 20 in the wire out, which, at cvcry station, corres-Northeast Pacific. An analysis of variance1 of the raw data (Table 2) indicated that there was possibly a difference in the mean iron content at the two depths, but that there was no reason to suspect any differences between stations, and there was apparently no significant station-depth interaction.
Comparing the variances among all samples for each of the two depths, a ratio of 15.85 was obtained, which is highly significant and indicates that possibly there was a difference in the variance about the mean values of the two depths. This analysis assumes, of course, normality in the distribution which was in fact not true. Since, however, deviations from normality tend to err in the direction of giving significant results when they do not really exist (Barnes 1952, p. 63) , rather than the contrary, the conclusions from the analysis of variance of the raw data that there was no significant difference between stations was deemed sufficient basis for amalgamating all observations at each depth to examine the nature of the distributions. The variances among all samples at each depth (judged by a Chi-square test) were clearly larger than the mean, so that the iron content was not distributed according to a single Poisson distribution.
It was apparent that the iron content follows some type of "contagious" distribution.2
To describe observations of this kind there have been proposed several types of distribution functions, which may be employed to transform the data so that they will satisfy the conditions for analysis of variance. A suitable transformation may be selected from examination of the relationships between the means and variances of the observations.
For discussion of the various types of transformations that may be employed to normalize "contagious" distributions, and the criteria upon which they may be selected, the reader is referred to Barnes (1952) and Anscombe (1950) . We have, therefore, computed the means and variances for each of the sets of three replicate observations given in Table 1 . In Figures 2 and 3 are plotted the means and standard deviations (square root of the variance) for the nine sets of observations at the "shallow"
and "deep" sampling levels, respectively.
It may be seen that, in each case, the standard deviation is roughly proportional to the mean, although the proportionality constant appears to be smaller for the deep than for the shallow observations. This suggests that a logarithmic transformation will stabilize the variance in each case (Barnes 1952) . Since there is one zero value, it is necessary to add a constant to all the values before taking the logarithms.
We have, therefore, employed the transformation
where X is the particulate iron in pg/liter and X' is the transformed variate.
The cffcct of this transformation in stabilizing the variances is shown in Figure 4 , where the standard deviations of X' are plotted against the mean values of X' for each set of three replicates.
It may be seen that these means and standard devia-2 A distribution is "contagious" when the occurrenccs of the variate measured arc not random in space, but are "clumped" so that the probability of occurrence is not uniform throughout the space. tions are not correlated.
Furthermore, comparison of the variances about the means of all samples at each depth indicated no significant difference.
The analysis of variance of the transformed data (Table 2) indicates that there are no significant differences between stations or between depths, and no significant interaction.
It may, therefore, be concluded that the observed values at all stations at both depths in the Panama Bight could have been drawn from a single "population" of iron particles with a contagious distribution.
The best estimate of the mean value, obtained from the transformed data, is 12.2 pg/L. This is computed by taking the mean of the transformed values, adding 1 .I5 times the variance and transforming back (Barnes 1952) . This value and similar estimates of the means for the "shallow"
and "deep" series arc also shown in Table 1 .
OBSERVATIONS IN THE GULF OF PANAMA
Xeriab data from a jixed location in the Gulp One-liter water samples were taken in replicate, by repeated casts, from two different depths, at bimonthly intervals betwcen December 24,1954, and December 12, 1955, at The large variability among replicates given in Table 3 . Salinity values at the suggests that we are again dealing with some surface and 30 meters are also tabulated; contagious distribution. Therefore, we salinities were determined by the standard have plotted in l?igurcs 5 and 6 for the method of titration with silver nitrate.
surface and 30-meter samples, respectively, It may be noted that the average particuthe means and standard deviations of each late iron content of these inshore waters is set of replicate samples. It may be seen several times higher than that of offshore from these figures that the variances are waters in the Panama Bight.
It also too large relative to the means to apply the appears that the particulate iron is, on the Poisson distribution, and that the standard deviations appear to bc roughly proportional to the means, the proportionality constant being, in each case, close to l/&. A logarithmic transformation should, thercfore, stabilize the variance and permit the use of analysis of variance to compare depth and time differences. We have, therefore, employed the transformation X' = loglo X.
In Figure 7 are shown graphically the means of the logarithms of the measurements of particulate iron, at each depth at each station, and also the salinities at corresponding stations and depths.
In Figure 8 are plotted, for each set of replicate samples, the mean of X' against the standard deviation.
It ma.y be seen that, while the standard deviations show much scatter, they are no longer correlated with the means. We have employed this transformed variate in analysis of variance to examine differences among stations and depths (Table 4) .
It may be seen that, considering all observations, there wcrc much greater differences between the average values at each of the two depths, and among the average values from station to station, than could be expected from the variability observed among replicate samples. That the difference between depths is not consistent at different stations (dates) is shown by the significantly high depth-station interaction.
It may be noted, however, from Ii'igure 7 that up to July or August the iron content seems to be consistently higher at the surface than at 30 meters. It has been shown by Schaefer (1957, Fig. 10 ) that the plankton organisms are more abundant at this location in the Gulf of Panama during the first half of the year than subsequently, presumably due to the cffccts of upwelling from January to April.
It may be, thcrcfore, that the particulate iron content is Table  4 that this difference is highly significant. The analysis of variance for these stations shows also that there was, during this period, more variation among the values obtained on different dates than could be expected from the variation among replicates, but the fact that the depth-station interaction is non-significant demonstrates that the depth difference is consistent from station to station. During the latter part of the year the mean logarithms of particulate iron content were 1.5708 at the surface and 1.5491 at 30 meters. Corresponding means of 64.2 and 46.6 r.cg/L respectively are obtained when each mean logarithm is added to 1.15 times its variance and transformed back to the original units. It is evident from the analysis of variance that this small difference is no greater than could bc expected from the variability among replicates.
During this period, however, there is a significantly high variation among station means and significant station-depth intcraction. This indicates that the differences between values obtained at the two depths on different dates were significantly high with respect to the variations among replicates, but that the depth differences were not consistent from station to station.
It 'may be seen from Figure 7 that the salinity at this location in the Gulf of Panama declined progressively during the period May-November, the decline being more rapid at the surface than in the dccpcr layers. This corresponds to the period of heavy rainfall, which reaches a maximum in October. It seemed possible that the precipitation differentially diluting the surface layer might sufficiently decrease the particulate iron per unit volume to mask any effect of biological activity in maintaining a concentration near the surface. We have, therefore, also calculated the iron/ salinity ratio for each of our samples. The station means of the logarithms of this ratio for each depth are shown graphically in D'igure 9. It may bc seen that this graph exhibits the same general features as Figure 7 , indicating a higher iron/salinity ratio at the surface than at 30 meters during the early part of the series, but no apparent difference in the latter part of the year. To examine this critically, we have made an analysis of variance of these data, again treating separately the observations for Stations 2-16 and 17-27. Results were the same as before, i.e., a highly significant difference between depths for the first period and no significant difference between depths for the last part of the series. The differential concentration of particulate iron in the surface water is, therefore, demonstrable only during the early part of the year, and is very likely due to the biological activity of the large numbers of plankton organisms present during that time.
Other data from the Gulf of Panama On 29 and 30 November 1955 replicate samples of approximately one liter each were taken at a depth of 10 meters at two other locations in the Gulf of Panama and analyzed for particulate iron. The data are reported in Table 5 Puerto Mcnsabe is located on the western short of the Gulf, about 20 miles inside Cape Mala. Results from the samples from this inshore location are quite similar to the values obtained during the latter part of the year at the location near Taboga Island (Table 3) , which is also fairly well inshore; the mean logarithm for the Puerto Mensabe station is 1.4262, whereas for the fixed station in the Gulf of Panama during the latter part of the year the mean logarithms were 1.5708 at the surface and 1.5491 at 30 meters.
The location off San Jose Island is, on the contrary, well out in the Gulf, being not far from Station ET-H-49 of the Panama Bight sampling series. At this offshore location the particulate iron values are similar to those obtained at 10 meters at other locations in the Panama Bight (Table I) . However, the difference between the mean logarithm of the values at this single location (1.1517) and the mean logarithm of surface samples at the fixed location near Taboga Island in the latter part of the year (1.5708) cannot be judged as necessarily significant in the light of the sampling variance of 0.5139 (Table 4 ) among values obtained at the same location on different dates.
These results suggest that there may be large part to the activity of the marine biosphere, as concluded by Lewis and Goldberg. This, however, is not necessarily true. Such distributions could arise from the occurrence of particles of iron of a variety of sizes, each size being distributed in the water completely at random (Anscombe 1950). It would be desirable to examine the distributions of particle sizes in order to investigate this matter further.
On the other hand, the occurrence of significantly higher average particulate iron content, at least on some occasions, associated with the marine biosphere, indicates that the organisms do modify the distribution of iron due to purely physical processes. Lewis and Goldberg's data show that the iron content of the upper 500 meters at some stations in the Northeastern Pacific is significantly greater than in deeper layers, (This result is obtained even when their data arc re-analyzed employing a logarithmic transformation to normalize the sampling distribution.)
The observations from off Taboga Island in the Gulf of Panama indicate clearly that the particulate iron content at the surface is higher than at 30 meters during the period of high standing crops of plankton organisms.
There is rather good evidence that the iron in the region of the Gulf of Panama and Panama Bight is being brought into the sea by runoff from the land. Particulate iron in the lower reaches of one of the rivers flowing into the Gulf was found to be much higher than the iron content at an inshore location in the Gulf, and the latter in turn is significantly greater than the iron content at offshore stations in the Panama Bight. A single group of 3 replicates from the outer part of the Gulf of Panama off San Jose Island showed a mean iron content comparable to the values encountered elsewhere in the Panama Bight; however, since this value was within the range of sampling variation at the inshore station near Taboga Island, this particular evidence of an offshore gradient of particulate iron in the Gulf is not conclusive.
Since the particulate iron content of inshore waters in the Gulf is higher than at locations offshore in the Panama Bight, and since the latter are biologically very productive (Holmes, Schaefer, and Shimada 1957) , it seems unlikely that iron can be a limiting factor on phytoplankton growth in these inshore waters.
